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Anomalous temperature dependence of the resistivity of single-wall carbon nanotubes
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The anomalous behavior of conductivity observed in experiment of single-wall carbon nanotubes is shown
to be due to the effects of residual transition metal catalysts residing in close contact with the nanotube walls.
A combination of analysis of the density of states based on the tight-binding molecular dynamics and a simple
model calculation provides a good description of the resistivity behavior observed in experiment.
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Single-wall carbon nanotubes~SWNT’s! are metallic or
nonmetallic depending on their chirality. Among the ma
exotic properties observed for the nanotube is the anoma
behavior of conductivity as a function of temperature. T
reported experimental data for the resistance,R, of the ‘‘arm-
chair’’ SWNT ~either in the form of SWNT mats or SWNT
bundles or even in the form of a single nanotube! indicate a
shallow minimum at a temperatureT5T!'40–300 K. For
T.T!, the metallic SWNT’s exhibit a positivedR/dT,
which is characteristic of metallic behavior.1 For T,T!,
however,dR/dT is negative. Various mechanisms have be
proposed to explain this anomalousR(T) behavior. Fischer
et al.,1 note that the measured values of the SWNT diame
and resistances satisfy the Thouless criterion for o
dimensional localization, suggesting that weak localizat
may be responsible for the observed anomaly inR(T). Kai-
ser, Dusberg, and Roth,2 on the other hand, noting the sim
larity between the resistivity behavior of SWNT’s and that
the highly conducting polymers, suggested that the obse
anomaly inR(T) may be due to a possible mixing of meta
lic and disordered barrier regions that might have occur
during the formation of the SWNT. Other suggested mec
nisms include the effect of inter-tube interactions within t
bundle3,4 and the presence of metallic and nonmetallic tub
in the sample.3 Finally, Gregorianet al.,5 observing that the
transition metal~Fe, Ni, Co! catalysts reside in close conta
with the nanotube walls, suggested that the Kondo t
mechanism may be responsible for the observedR(T)
anomaly. It is worth noting that recent experimental resul5

in contrast to earlier reports,6 show that transition metal cata
lysts cannot be totally removed from the SWNT surfac
even after they are treated with annealing and argon b
bardment.

In this work we provide a plausible explanation for th
anomalousR(T) behavior observed in experiments based
the detailed electronic structure analysis of SWNT with tra
sition metal catalysts in contact. The stable geometries
various Ni chemisorption sites on SWNT were obtained
PRB 610163-1829/2000/61~20!/13393~4!/$15.00
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ing our tight-binding molecular dynamics~TBMD! method.7

The scheme allows one to perform spin and geometry u
stricted energy minimization realistically for the determin
tion of lowest energy structures. The method uses a mini
parameter basis set to obtain a transferable tight-binding
rametrization of the Ni-Ni, C-C, and Ni-C interactions app
cable to binary NimCn systems. The data base for fitting th
parameters is obtained from experimental and/orab initio
results for small Nim , Cm , and NimCn , n1m<4 clusters,
the latter obtained using the density functional method a
the coupled cluster method with single, double, and tri
excitations.7 This parametrization, incorporated into th
tight-binding molecular dynamics scheme, has been u
with success to study NimCn clusters of arbitrary sizes a
well as the interaction of Ni with graphite7 and the C60
molecule.8

Our TBMD calculations have shown that curvature pla
an important role in determining bonding sites for Ni o
nanotubes.9 In particular, only two distinct bonding site
were found to be stable for Ni chemisorbing on~5,5! and
~10,10! ‘‘arm-chair’’ SWNT’s. These consist of~i! The atop
site, where the Ni atom bonds directly over a carbon at
while also forming additional bonds with the two neare
neighbor carbon atoms@Fig. 1~a!#. ~ii ! The bridge site, where
the Ni atom resides over a C-C bond@Fig. 1~b!#. Due to the
strong Ni-C interactions, the chemisorption of Ni results
considerable distortions in the SWNT. The atop site w
found to be energetically more favorable.

Additionally, we also performedab initio calculations
with the GAUSSIAN 98 program package,10 and the ONIOM
method11 to separate the cluster configuration obtained
the TBMD calculations into two segments. The first segm
contained the Ni atom with 13 nearest C atoms forming th
connected hexagons, treated using fullyab initio ~B3LYP/
LanL2DZ! method. The second segment contained the
maining cluster of C atoms and treated using molecular m
chanics method. Theab initio calculations yielded an energ
difference of 0.21 eV between these two adsorption si
R13 393 ©2000 The American Physical Society
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The TBMD results for the magnetic moment of the adsorb
Ni atom, its charge state and its bond lengths with the ne
boring carbon atoms at these two adsorption sites are
sented in Table I. A comparison of similar calculations f
Ni on graphite revealed qualitatively different results.9

Interestingly, in addition to the anomalousR(T) behavior,
the experimental results also show a strong variation of
crossover temperatureT! among samples of SWNT prepare
from the same doped target.1 Furthermore, the temperatur
dependence of the resistivity~the resistivity increase at low
T) ~Ref. 1! is found to be reminiscent of Kondo alloys, an
may point to spin-flip scattering from traces of Ni and C
incorporated into the SWNT. In this case, it is worth noti
that T! also provides a measure of the magnetic impu
density in Kondo alloys.

With these experimental facts at hand, we focus our
forts on the effects of Ni atoms on the SWNT with a view
provide us with an explanation of the issues raised by
experiments.

In Figs. 2~a! and 2~b! we present the changes in the ele
tron density of states~DOS! that the Ni atom induces in th
electron DOS of the SWNT upon its adsorption at the a
and bridge sites, respectively.12,13 These figures have bee
obtained by subtracting from the electron DOS of the N
tube system the electron DOS of the tube in the absenc
the Ni atom while keeping the tube at its relaxed geometr14

FIG. 1. The two stable binding sites for a single Ni on a~5,5!
carbon nanotube wall;~a! atop site and~b! bridge site.

TABLE I. Summary of results for Ni on a nanotube wall. Pos
tive values of charge transfer indicateloss of charge on Ni, while
negative values indicategain in charge on Ni. The values of th
magnetic momentm are in Bohr magnetons (mB). The numbers in
parentheses denote the number of times the given quantity is
peated.

Site Charge transfer m Ni-C bonds
(e) (mB) ~Å!

Ni tube atop 20.05 0.15 1.79, 1.95~2!

bridge 20.18 0.10 1.76~2!
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Also shown in the same figures are the local densities
states~LDOS! for the chemisorbed Ni atom~dotted lines!.
The most interesting feature that emerges from these fig
is that for the Ni atom at the bridge site there is a substan
Ni contribution to the electron DOS of the Ni-SWNT syste
at the Fermi energy (EF). Analysis of the LDOS reveals the
contribution nearEF coming almost entirely from the Nid
orbitals. On the other hand, as can be seen in Fig. 2~a!, for
the Ni atom binding at an atop site, the Ni contribution to t
electron DOS at the Fermi level is substantially less. We a
performedr(EF) calculations for Ni positions in the vicinity
of the stable positions obtained for atop and bridge sites.
calculations show that appreciable value ofr(EF) is attained
only very near the bridge site. Furthermore, the results
Table I indicate no significant changes in the values of
magnetic moment of Ni at the atop and bridge sites.

Based on this information, we present a simple mo
calculation to provide an explanation for the anomalous
havior of the resistivity observed in the SWNT, namely
negative upturn with decreasing temperature.

re-

FIG. 2. ~a! The change in the electron DOS~solid curve! of the
~5,5! single-wall carbon nanotube induced by the adsorption o
single Ni atom on an atop site. The LDOS at the Ni site is shown
the dotted curve. The Fermi energy is indicated by the vert
dashed line.~b! The same as for 2~a! for a Ni atom on a bridge site
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Due to the metallic~or, more specifically, semimetallic!
character of the~5,5! SWNT, its electron conductivity is wel
described by the expression:

s5
ne2t~EF!

m
, ~1!

wheren is the electron density per unit volume,m ande the
mass and the charge of the electron, respectively.t(EF) is
the relaxation time evaluated at the Fermi energyEF . A
simple expression for the relaxation time indicates that15

t~E!;
1

Tr~E!
, ~2!

whereT denotes the temperature andr(E) the electron DOS.
In addition to the bulk resistivity described by Eqs.~1!

and~2!, there is a substantial surface contribution induced
the adsorbed atoms of the catalyst~Ni,Co!. This contribution
is proportional to the electron DOS, andr(EF), and can be
expressed as16,17

xsur f>lr~EF!, ~3!

wherel is a temperature independent constant dependin
the system characteristicsn, m, EF and width of adsorbate
resonance.

Equations~1!–~3! in combination with the results of Figs
2~a! and 2~b! can be used to provide the following justifica
tion for the anomalous temperature dependence of the r
tivity of the (n,n)-SWNT’s: In the experiment reported
SWNT samples were produced by the laser ablation pro
and condensed on a water-cooled Cu surface.1 These samples
contain Ni and Co catalyst residues in close contact with
SWNT.5 For Ni catalyst the only stable bonding geometr
are the two shown in Fig. 1. Given the small energy diff
ence between the two configurations, at low enough temp
tures both sites are equally likely, having been trapped
local minima on annealing. As the temperature increa
however, Ni atoms may move~diffuse! from these sites to
less stable ones depending on the activation energy ba
towards these states and the thermal energy of the Ni ato

According to our calculations, the occupancy of the a
site cannot be affected by temperature induced change
the Ni position due to the sharp local energy minimum as
ciated with this site. However, this does not appear to be
case for the bridge site which is found to be almost isoen
getic ~within a range of 10 meV! with adjacent adsorption
sites. It is therefore reasonable to assume that only the o
pancy at bridge sites,Nbridge(T), changes with temperature

In order to explain the observed anomalous tempera
dependence of the resistivity of the SWNT we invoke tw
competing mechanisms, one dominating at low and the o
at high temperatures. Starting at low temperature, asT in-
creases, most of the bridge adsorption sites are gradu
replaced by their nearest less stable ones. At these sites
results indicate that the electron DOS atEF is smaller than
that of the corresponding relaxed bridge site. Thus, dur
this process, there is a reduction in the electron DOS at
Fermi level approximately according to the results of Fi
2~a! and 2~b!. Assuming this reduction in DOS atEF to
offset the linear increase inT in Eq. ~2!, the relaxation time
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will increase, resulting in a decrease in electron resistiv
This continues until the bridge site to less stable sites
placement process is complete and then the metallic, lin
temperature behavior takes over, resulting in an upturn in
resistivity.

To provide a quantitative description of our arguments
assume that the occupancy at bridge sites,Nbridge(T),
changes with temperature according to the expression

Nbridge~T!5Nbridge~T50!@12e2(DEact /kBT)#, ~4!

wherekB is Boltzmann’s constant andDEact the activation
energy for making the transition from bridge to the near
less stable site. Under this assumption, it is straightforw
to show that the total resistivityx tot of the tube in contact
with catalyst atoms@as described by Eqs.~1!–~3!# takes the
form

x tot5~A1BT!~G2De2Eact /kBT!, ~5!

whereA, B, G, andD are positive constants.
Equation~5! reduces to the form proposed by Fischer a

collaborators1 for the temperature dependence of the resis
ity as obtained by fitting their experimental data. The ex
determination of the constants of Eq.~5! depends on the
concentration of the catalyst atoms and their distribution
bridge and atop sites at the beginning of the experime
measurements.

Although an accurate determination of the concentrat
of the catalyst atoms is not feasible, an approximate estim
can be obtained as follows: Assuming equal numbers of
atoms at atop and bridge sites initially, i.e.,Natop5Nbridge
5N0 and letting h denote the ratio between the electro
DOS of the atop site to that of the bridge site, Eq.~5! shows
that the crossover temperatureT! is given by the relation:

T!5
Eactxsur f~12h!

2hkBxbulk
, ~6!

wherexbulk denotes the bulk contribution to the tube res
tivity. It is apparent from Eq.~6! that for h51, i.e., when
there is no change in the electron DOS at the Fermi ene
consistent with our assumptions, no crossing temperatur
predicted.

If it is further assumed thatT!5100 K, hP@0.1
20.2#, and Eact /kB5116 K ~i.e., for Eact510 meV!, we
obtain a value for the ratio

m5
xsur f

xbulk
~7!

to be m'0.3. Using these approximate values, the total
sistivity of the tube,x tot , is found to be

x tot'400aN0ratop~EF!, ~8!

wherea is a proportionality constant defined as

xbulk5aTratop~EF!. ~9!

An approximate way for determiningaratop(EF) is to set
it equal to the temperature derivative of the resistivity f
T.T!. Thus, from values for the resistivity of the tub
aroundT5T! and its temperature gradient forT.T! ~as
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those obtained from Ref. 1! we can obtain an estimate ofN0.
The value ofN0 obtained corresponds approximately to
31012 Ni atoms per cm2 of the tube surface.

A similar study with V atoms on a~5,5! ‘‘arm-chair’’
SWNT resulted in the following findings: The V atom exhi
its stable adsorbed positions at atop and bridge sites, ju
in the case of the Ni atom. Additionally, V atoms can al
reside stably at hole sites~i.e., over the center of the hexago
nal rings!.19 However, at none of these sites V atom intr
duces appreciable changes inr(EF) of the V-tube system, in
contrast to the case of Ni adsorption. This leads us to sp
late that the anomalousR(T) behavior will not be seen in
SWNT samples with V residues.

The strong dependence of the induced electron DOS
the kind of the adsorbed transition metal atom and on
adsorption site is supported by a very recent study o
SWNT-Cu nanocontact that we became aware of at
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